We discovered a novel population of cd T cells in the mouse that accumulates with age in hematopoietic organs, but not in epithelia. These cells are CD25low (an unusual phenotype for cd T cells in the mouse); express higher levels of TCRcd and CD44 than do CD25-cd T cells; mainly express Vc2, Vc3, and Vc4 chains; and are largely quiescent. A very similar cell population appears in the late stages of fetal thymus organ cultures, suggesting that the accumulation of CD44þCD25lowTCRcdþ cells is a response to stress induced by aging in vivo or by culture in vitro. The precursors of CD44þCD25lowTCRcdþ cells are generated during fetal or very young adult life, as this population was undetectable in aged recipients of bone marrow from old or young donors. CD44þCD25lowTCRcdþ cells may be a biomarker of aging, but could also play a role in the inflammatory changes that accompany aging.
A GING in mice and humans is accompanied by inflammation and increased autoimmunity, together with decreased cellular and humoral immune responses to infectious agents and vaccines (1, 2) . These observations suggest that immune dysregulation is a contributing factor to or a secondary consequence of the aging process. Agerelated changes in the immune system are therefore of interest to gain insight into organismal aging. These changes include a loss of lymphoid potential in hematopoietic stem cells, thymic involution and a concomitant depletion of naïve T cells and expansion of memory cells, a sharp decrease in the earliest B-cell precursors, and changes in the composition of the peripheral B-cell pool (3) (4) (5) (6) . Little is known about age-related changes in cd T cells, a T-cell lineage whose role is still unclear. cd T cells have been implicated, depending on their Vc and Vd usage, in both the initiation of a specific, TCRab-mediated immune response against pathogens and in the resolution of inflammation after eradication of the infectious agent. Similarly, in various models of autoimmune disease, cd T cells appear to play an immunoregulatory role although, in some models, they appear to play a role in pathogenesis. cd T cells localize mainly to epithelia, and within each epithelium they express specific oligoclonal c-and dÀchain rearrangements (7) (8) (9) . In humans, peripheral blood Vc9Vd2 cells decrease in frequency but appear to acquire a lower activation threshold with age (10, 11) . Here we report the identification of a novel population of CD44þCD25low cd T cells of unknown function that accumulates with age in hematopoietic organs, but not in epithelia in mice.
MATERIALS AND METHODS

Mice
C57BL/6J (Jackson Laboratories, Bar Harbor, ME) and C57BL/6.SJL-Ptprca Pep3b/BoyJ (National Cancer Institute, Frederick, MD) mice were kept in a specific pathogen-free facility. Experiments and animal care were performed in accordance with the Mount Sinai Institutional Animal Care and Use Committee (IACUC).
Antibodies and Flow Cytometry FITC-conjugated CD45.1, CD2, CD3, CD8a, CD4, B220, Ly6G/Gr1, Mac1, Ter119, TCRb, phycoerythrinconjugated Sca1, and CD45.2 were purchased from Southern Biotechnologies (Birmingham, AL). FITC-conjugated anti-TCRcd, phycoerythrin-conjugated CD25, and allophycocyanin-conjugated CD44 were purchased from Pharmingen (San Diego, CA). Cell cycle analysis was performed after propidium iodide staining of 80% cold ethanol-fixed samples in the presence of RNAse, and pulse shape analysis to exclude doublets.
Semiquantitative Reverse Transcription-Polymerase Chain Reaction
Total RNA from purified thymic CD44þCD25low-TCRcdþ or CD25-TCRcdþ cells was isolated using Trizol Reagent (Gibco BRL, Grand Island, NY) according to the manufacturer's instructions and treated with DNaseI, followed by reverse transcription using Superscript II (Gibco) for 1 hour at 428C using oligo(dT) primers. For the c chain of the cd T-cell receptor, primers spanning each of the variable regions (the same primer amplified Vc1.1-1.3) and a primer common to the constant regions were used. The primers were: 59-TATCGGTCACCAGAG-CAACA-39 for Vc1, 59-GAAGAACCCTGGCTCACAAG-39 for Vc2, 59-TCAGCTCTCCTTTACCCGAA-39 for Vc3, 59-AGGGGAATCGAGGATACAGG-39 for Vc4, 59-CAATCACCAAGCTAGAGGGG-39 for Vc5, and 59-TTGCAATCCTTTTCTTTCCA-39 for the constant region (Garman nomenclature; 12).
Fetal Thymus Organ Cultures
D16 thymi were cultured as described in (13) for up to 25 days.
Bone Marrow Transplantation
Bone marrow cells (2 3 10
6
) from 8-week-or 18-monthold C57BL/6.SJL-Ptprca Pep3b/BoyJ (CD45.1þ) mice were injected into lethally (950 cG) irradiated 8-week-old C57BL/6 mice (CD45.2þ).
Statistical Analysis
A two tailed t test for unpaired samples was used. Results are given a mean 6 standard error of the mean.
RESULTS AND DISCUSSION
We discovered a population of CD4-CD8-CD44þ CD25low cells in the thymi of aged (16-20 months) C57BL/6 mice ( Figure 1a ) that was not detectable in young mice (2 months). By adding combinations of individual lineage antibodies to the CD4/CD8 stain used to define CD4-CD8-cells, it was found that the CD4-CD8-CD44þCD25low subpopulation expressed TCRcd ( Figure  1a) . Similar data were obtained in the thymi of 16-monthold DBA/2 mice (not shown). Direct staining of the thymus, bone marrow, spleen, and peripheral blood from old mice for CD44, CD25, and TCRcd resolved the same cell population at similar frequencies in each tissue, although there was a tendency toward a lower frequency in the bone marrow, where variability also appeared the highest (thymus: 0.2 6 0.07%, n ¼ 6; spleen 0.219 6 0.08%, n ¼ 4; bone marrow 0.091 6 0.04%, n ¼ 5; peripheral blood 0.3 6 0.1%, n ¼ 3; mean þ standard error of the mean) (Figure 1b) . In young mice, however, CD44 þCD25lowTCRcdþ cells were 10-fold less frequent to undetectable in the same tissues (Figure 1b) , and these cells accumulated exponentially with age ( Figure 1c) . As cd T cells are mainly associated with epithelia (7-9), we analyzed intestine, skin, and tongue for the presence of CD44þCD25lowTCRcdþ cells. In neither young nor old mice were CD44þ CD25lowTCRcdþ cells observed in these tissues (shown for intestine in Figure 1b) . The increase in the fraction of CD44þCD25lowTCRcdþ cells in hematopoietic organs represents an increase in the absolute number of these cells and is not a reflection of changes in total cellularity. Bone marrow mononuclear cellularity was in fact higher in old mice than in young mice (2.9 3 10 7 /femur in old vs 1.8 3 10 7 /femur in young mice, p ¼ .03, n ¼ 3), whereas a small, statistically nonsignificant decrease in cellularity was observed in the spleen (not shown). Only in the thymus could the increase in the fraction of CD44þCD25low-TCRcdþ cells be explained by a decrease in overall cellularity with age (from 6.1 3 10 7 at 8 weeks to 0.47 3 10 7 at 24 months, p ¼ .0029). However, if the accumulation of CD44þCD25lowTCRcdþ cells in the thymus were passive, then it would have to be assumed that the thymic niche for these cells is specifically maintained during thymic involution. Taking into account the Boggs estimate of the total number of bone marrow cells [20 3 10 7 in young mice (14) , i.e., 20 3 2.9/1.8 ¼ 32 3 10 7 in aged mice given our data on bone marrow cellularity in aged mice], together with our estimates of spleen cellularity (3 3 10 7 ) and thymic cellularity (0.5 3 10 7 ), and of the frequencies of CD44þCD25lowTCRcdþ in these organs, we estimate that there are approximately 3.6 3 10 5 CD44þCD25low-TCRcdþ cell in aged mice, mainly in the bone marrow.
The phenotype of this population is peculiar, as CD25þ cd T cells have not been described yet in mice, although CD25 is an activation marker of cd T cells in cattle (15) , sheep (16) , rats (17) , and human peripheral blood Vc9Vd2 cells (18) (19) (20) . CD44þCD25lowTCRcdþ cells were uniformly CD44þ, whereas CD25-cd T cells expressed varying amounts of CD44 (Figure 1d ). In addition, CD44þCD25lowTCRcdþ cells expressed higher levels of TCRcd than did CD25-cd T cells (Figure 1d ). These expression patterns suggest that CD44þCD25lowTCRcdþ cells are highly activated. Despite their apparently activated status, the cell cycle activity of CD44þCD25lowTCRcdþ cells was significantly lower than that of CD25-cd T cells (fraction of S/G2/M cells 26 6 9.4% in CD25-cd T cells vs 2 6 0.7% in CD44þCD25lowTCRcdþ cells, n ¼ 4; p ¼ .03), indicating that CD44þCD25lowTCRcdþ cells are not an expanding cell population, but probably arise from a CD25-precursor. The CD44þCD25lowTCRcdþ cell population expressed Vc2, Vc3, and Vc4, but low to undetectable levels of Vc1 and Vc5 [nomenclature from Garman and colleagues (12), Figure 1e ], indicating that, although there is some selectivity in Vc usage, this population does not express a canonical TCRc, in contrast to cd T cells in many other tissues. One function of cd T cells in epithelial tissues (such as intestine and skin) is the maintenance of epithelial integrity, mediated by the production of keratinocyte growth factor (KGF) (21-23). However, no KGF messenger RNA could be detected in purified CD44þCD25low cd T cells, whereas CD25-cd T cells expressed KGF messenger RNA (not shown).
We next investigated whether CD44þCD25lowTCRcd cells could be generated in fetal thymus organ cultures (FTOC; 13). In these cultures, CD44þCD25lowTCRcd cells with a similar level of expression of TCR cd ( Figure  2a ) and a similar pattern of expression of Vc chains ( Figure  2b ) as CD44þCD25lowTCRcdþ cells in aged mice progressively accumulated. The generation of CD44þ CD25lowTCRcdþ cells after prolonged culture in FTOC indicates that age per se does not induce the development of CD44þCD25lowTCRcdþ cells. As in vitro culture represents a severe form of oxidative stress to cells and tissues (24, 25) , our data suggest that stress, either during culture in vitro or during the aging process in vivo, is critical for the generation of CD44þCD25lowTCRcdþ cells. It is interesting to note in this context that many cd TCR can recognize nonclassical major histocompatibility (MHC) molecules expressed by stressed cells (7) (8) (9) . To investigate whether the age of the environment or of the hematopoietic system determines the generation of CD44þCD25lowTCRcdþ cells, we transplanted 2 3 10 6 bone marrow cells from old (18 months) and young (8 weeks) mice into lethally irradiated young recipient mice, which were aged to the age of 14 months. Using this procedure, 97% of the hematopoietic cells in the recipients were donor-derived (not shown). CD44þCD25low-TCRcdþ cells were undetectable in any of the aged reconstituted animals (Figure 2c ). Thus, neither young nor aged hematopoietic stem cells (HSC) can generate CD44þCD25lowTCRcdþ cells de novo. Therefore, their precursors must have been generated during fetal or young adult life.
Summary
We describe the accumulation of a novel population of CD44þCD25lowTCRcdþ cells in the hematopoietic tissues of aged mice and in the late phase of FTOC. The accumulation of CD44þCD25lowTCRcdþ cells with age together with their activated phenotype and the known role of cd T cells in immune regulation (7) (8) (9) suggests a role in the aging process, which is characterized by enhanced inflammation and autoimmunity (1, 2) . It is also possible, however, that the frequency of CD44þCD25lowTCRcdþ cells in hematopoietic organs is a biomarker of aging and a response to the aging of hematopoietic tissues such as the thymus.
